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ABSTEIACT 

This  report  presents  Magnus  and  drag  data  on  a  rotating  cylinder 
mounted  perpendicular  to  various  transonic  and  supersonic  flow  fields. 
Data  with  both  laminar  and  turbulent  boundary  layers  are  presented. 

The  Magnus  force  data  from  the  cylinder  are  compared  with  Magnus 
force  data  from  various  bodies  of  revolution  at  high  angles  of  attack. 
There  is  good  agreement  as  long  as  the  body  of  revolution  cross  Mach 
number  is  transonic.  The  Magnus  force  is  very  much  dependent  on  the 
cross  Mach  number  at  the  transonic  cross  flows.  At  transonic  cross 
Mach  numbers  it  is  possible  to  predict  the  Magnus  force  on  a  body  of 
revolution  by  using  the  presented  cylinder  data. 
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DEFINITION  OF  SYMBOLS 


d 

b 

A 

a 

(U 

p 

u 

u 

c 

M 

M 

c 

D 

F 


cylinder  diameter 
cylinder  span 

body  profile  area  or  cylinder  frontal  area  =  d  x  b 
angle  of  attack 

cylinder  spin  rate  radians/second 
free  stream  air  density 
free  stream  velocity 

cross  velocity  -  the  velocity  perpendicular  to  the  main  axis 

of  a  body  of  revolution 

U  =  U  sin  a 
c 

free  stream  Mach  number 


crossflow  Mach  number  M  *  M  sin  a 

c 

drag  force 


Magnus  force 


Magnus  force  coefficient  = 


■ 'A-  ■  =  drag  force  coefficient 
A 
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INTRODUCTION 


While  carrying  out  Magnus  tests  on  various  bodies  of  revolution, 
we  became  aware  that  the  Magnus  force  is  increasingly  dependent  on  the 
cross  Mach  number,  as  the  cross  Mach  number  approaches  sonic  speeds. 
This  can  be  seen  in  Figure  1,  where  the  Magnus  force  coefficient  (based 
on  cross  flow  properties)  obtained  from  wind  tunnel  tests  on  various 
bodies  are  plotted  versus  the  cross  Mach  number.  Above  M^  =  .6  the 
force  decreases  linearly  (within  reasonable  limits)  as  the  cross  Mach 
number  increases.  This  decrease  is  thought  to  be  brought  about  by  the 
appearance  of  sonic  cross  flow  on  the  body  slightly  above  Mg  =  .6  . 

Once  sonic  flow  appears  the  forbidden  signal  rule  restricts  the  flow 
region  influenced  by  spin.  The  region  of  sonic  or  supersonic  flow 
grows  as  the  cross  Mach  number  increases  and  the  influence  of  spin 
becomes  less  and  less. 

Our  concepts  of  the  generation  of  the  Magnus  force  at  high  angles 
of  attack  are  the  same  as  those  expressed  in  reference  1.  Circulation, 
created  by  spin,  similar  to  that  predicted  by  the  Potential  theory  for 
a  rotating  cylinder,  cannot  occur  when  the  cross  flow  contains  soxiic 
or  supersonic  flow.  Instead,  the  circulation  must  be  confined  to  the 
subsonic  portion  of  bouindajy  layer  and  the  body  wake.  Also,  due  to 
the  small  size  of  the  boundary  layer,  it  is  reasonable  to  assume  that 
any  circulation  is  confined  to  the  weke  and  the  aft  portions  of  the 
boundary  layer  where  separation  occurs.  These  regions  are  on  the  lee 
side  of  the  body  at  an  angle  of  attack  and  therefore  are  not  readily 
exposed  to  the  tangential  body  flow.  This  may  be  the  reason  for  the 
strong  dependence  of  the  Magniis  force  on  the  cross  flow.  Since  the 
Magnus  force  on  a  body  at  high  angle  of  attack  is  dependent  mainly  on 
the  cross  flow  it  is  then  quite  |»sslble  that  the  Magnus  force  will 
correlate  well  with  the  Magnus  force  developed  on  a  cylinder  mounted 
perpendicular  to  the  flow. 
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In  Figure  1  it  will  be  seen  that  all  of  the  3  cal.  body  data  above 
Me  »  .6  are  low  compared  to  the  remaining  data.  In  reference  1  it  is 
suggested,  using  a  theory  similar  to  Allen's  normal  force  theory,  that 
the  Magnus  force  on  a  short  body  is  small  due  to  the  short  time  avail¬ 
able  for  the  Magnus  force  to  develop.  If  this  is  correct,  then  it 
should  be  better  to  compare  the  Magnus  force  on  the  aft  portion  of 
bodies  by  subtracting  the  Magnus  force  existing  on  the  forward  portion 
of  the  body.  This  has  been  tried  with  the  existing  data;  however,  the 
resulting  accuracy  is  very  bad,  and  very  poor  correlation  results. 

From  the  above  we  believed  that  much  coiild  be  gained  by  investi¬ 
gating  the  Magnus  force  developed  on  a  rotating  cylinder  subjected 
only  to  a  high  speed  cross  flow.  The  data  could  be  compared  to  that 
obtained  on  bodies  of  revolution.  Figure  1,  and  also  the  data  should 
be  valuable  as  data  on  a  basic  aerodynamic  shape.  Also,  shadowgraph 
pictures  of  the  flow  region  around  the  cylinder  might  prove  or  dis¬ 
prove  some  of  the  above  statements# 
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EXPERIMENTAL  PROCEDURE 


A.  Model  and  Instrumentation 

The  cylindrical  model  used  for  these  tests  is  mounted  perpen- 
diculax  to  the  tunnel  air  stream,  by  supporting  the  cylinder  on  the 
tunnel  door  mount.  Kie  balance  for  measuring  the  Magnus  and  drag 
forces,  the  air  motor  and  its  bearing  are  all  mounted  on  the  outside 
of  the  door,  thereby  keeping  the  frontal  area  of  the  model  to  a  mini¬ 
mum.  Minimum  frontal  area  is  necessary  to  permit  operating  the  tunnel 
at  low  supersonic  Mach  numbers.  End  plates  are  used  to  simulate  two- 
dimensional  flow.  One  end  plate  is  mounted  1-1/2  inches  from  the 
tunnel  door  and  is  attached  to  it  with  the  cylinder  passing  through 
the  end  plate.  This  end  plate  prevents  the  tunnel  wall  boundary  layer 
from  affecting  the  cylinder  forces.  The  second  end  plate  is  supported 
from  the  tunnel  angle  of  attack  system,  and  serves  to  create  a  two- 
dimensional  effect  on  the  end  of  the  cylinder.  Neither  end  plate 
spins,  and  the  aerodynamic  forces  created  on  each  are  not  transmitted 
to  the  balance  system.  A  photograph  of  the  cylinder  mounted  in  the 
test  section  is  shown  in  Figure  2,  The  wire  braces  are  for  steadying 
and  adjusting  the  position  of  the  second  end  plate.  The  cylinder  is 
]./2-inch  in  diameter,  the  end  plates  are  8-1/2  inches  apart  and  have 
radii  of  2  Inches . 

A  larger  diameter  cylinder  would  have  been  desirable;  however, 
tunnel  blocking*  problems  at  low  Mach  number  forced  the  use  of  the 
small  cylinder.  A  larger  cylinder  wo\ild  have  created  larger  Magnus 
forces  and  would  have  permitted  larger  values  of  ccd/u^,  ,  The  values 
of  (Od/Uc  for  the  bodies  of  revolution  represented  in  Figure  1  are  up 
to  1.5  (M(,^1)  while  the  maximum  ori/Uj,  ratio  for  the  cylinder  data  is 
only  .22  .  Spin  rates  up  to  250,000  rpn  would  be  necessary  with  the 

^  "" 

A  blocked  tunnel  is  one  in  which  the  model  is  too  large 
for  the  tunnel  and  the  flow  over  the  model  is  not  the  same 
as  would  occur  in  free  flight. 


11 


1/2- inch  diameter  cylinder  in  order  to  match  the  spin  ratios.  These 
spin  rates  are  impracticable  at  present  smd  a  Tnaviniiini  spin  rate  of 
40,000  rpm  was  used.  However,  the  obtained  cylinder  data  indicate 
that  the  Magnus  force  is  linear  with  spin  and  that  it  is  reasonably 
safe  to  compare  the  data  independent  of  the  spin  ratio. 

The  air  motor  and  balance  systems  are  shown  in  Figure  3.  The  air 
motor  incorporates  many  of  the  features  used  in  the  previous  Magnus 
tests  and  is  described  in  Reference  1.  The  principal  difference  in  this 
motor  is  that  it  is  not  inclosed  within  the  model,  but  is  attached  to 
one  end  of  the  model  and  is  located  outside  the  tunnel.  This  permits 
holding  the  bearing  outer  races  still  and  spinning  the  inner  races, 
consequently  increasing  the  bearing  life.  Also,  the  balance  is  ex¬ 
ternal  to  the  air  motor  and  is  composed  of  two  cantilevered  beams, 
one  measuring  the  Magnus  force  and  the  other  the  drag  force.  The 
balance  actually  measures  a  moment  due  to  the  Magnus  force  and  a  moment 
due  to  the  drag  force j  however,  by  assuming  both  forces  act  at  the 
center  of  the  cylinder,  the  drag  and  Magnus  forces  can  be  obtained; 

B.  Approaching  Two-Dimensional  Cylinder  Flow 

In  order  to  approach  two-dimensional  flow  over  the  cylinder,  end 
plates  have  been  placed  at  both  ends  of  the  cylinder.  4-inch  diameter 
end  plates  were  found  to  be  sufficient  to  contain  the  bow  shock  at  all 
of  the  Mach  numbers  used.  However,  difficulty  arose  at  the  lower  Mach 
numbers  due  to  choking  between  the  door-mounted  end  plate  and  the  door. 
Moving  the  end  plate  further  from  the  door  alleviated  this  condition 
to  some  extent;  however,  choking  still  occurred  at  M  =  1.5  and  M  =  1.4 
even  with  the  end  plate  moved  1-1/2  inches  from  the  wall .  However, 
the  Magnus  data  at  M  =  1,7  with  and  without  the  end  plate  choking 
showed  very  little  change,  thereby  indicating  that  choking  did  not 
have  much  influence  on  the  Magnus  force.  Figure  4  shows  the  effect 
of  choking. 
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C.  Shadowgraph  Techniques 

Since  regular  Schlieren  and  shadowgraph  pictures  could  not  he 
taken,  two  shadowgraph  systems  for  viewing  the  flow  over  the  cylinder 
were  devised.  The  first  system  involves  replacing  the  door-movinted 
end  plate  with  an  end  plate  which  holds  a  specially  cut  (washer  shaped) 
piece  of  film.  The  end  plate  is  loaded  with  film,  the  test  section 
door  is  closed  and  the  tuimel  started.  Once  flow  is  established 
parallel  rays  of  light,  of  short  duration,  are  passed  through  the 
cylinder  flow  field  onto  the  film.  Necessarily  the  other  end  plate 
is  removed  and  the  above  sequences  are  accomplished  in  a  darkened 
tunnel  room. 

The  shock  pattern  in  front  of  the  cylinder  is  different  during 
the  shadowgraph  runs  than  during  the  force  recording  runs,  Figure  5. 

The  photographic  end  plate  is  6- inches  in  diameter  while  the  force 
measuring  end  plate  is  4- inches  in  diameter.  The  photographic  end 
plate  could  not  be  made  as  streamlined,  and  also  the  second  end  plate 
must  be  omitted  during  the  shadowgraph  runs.  Blocking  is  worse  with 
the  photographic  end  plate  and  exists  at  higher  Mach  numbers  than  for 
the  force  recording  end  plate.  The  above  accoxints  for  the  series  of 
bow  shocks  seen  in  the  shadowgraphs. 

The  above  technique  has  certain  disadvantages  in  that  the  boundary 
layer  surrounding  the  cylinder  cannot  be  seen.  The  cylinder  is  1/ 2- inch 
diameter  and  the  inside  hole  in  the  film  is  5/8"liich  to  allow  for  the 
cylinder  deflection.  Also  the  film  is  protected  from  the  alrstream  by 
lucite  also  having  a  5/8- inch  diameter  hole.  Both  of  the  5/8“ inch  holes 
make  it  Impossible  to  view  the  boundary  layer  around  the  cylinder. 

The  washer  shaped  piece  of  film  is  cut  from  an  8  x  10  piece  of 
film  using  a  "cookie  cutter"  type  stamp.  It  was  necessary  to  do  the 
cutting  in  the  dark  and  at  times  it  required  more  than  one  hammer  blow 
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to  cut  the  filiUt  On  a  few  of  the  films  the  cutter  moved  between  blows 
leaving  rings  or  marks  on  the  film.  In  at  least  one  case  the  film’ 
split  from  the  center  hole  to  the  outside.  Also,  the  dark,  nearly 
circular  spot  on  each  picture  is  a  filled  spot  in  the  window. 

In  most  of  the  photographs  an  overexposed  area  extending  from 
the  center  hole  in  the  film  to  the  outer  edge  of  the  film  can  be  seen. 
This  light  is  apparently  reflected  from  the  cylinder  onto  the  film; 
however,  its  source  is  not  known.  It  also  occurs  on  film  which  is 
exposed  with  no  flow  over  the  cylinder  so  that  no  aerodynamic  phe¬ 
nomena  is  involved.  ' 

The  second  shadowgraph  system  was  devised  in  order  to  determine 
the  two-dimensional  characteristics  of  the  bow  shock,  particularly 
in  the  vicinity  of  the  end  plates.  A  photographic  flashbulb  is 
inclosed  in  a  streamlined  metal  housing  having  a  No.  8o  hole  drilled 
in  one  side  to  permit  light  to  escape  when  the  bulb  is  flashed.  The 
housing  is  fastened  to  the  tunnel  floor  so  that  the  No,  80  hole  is 
directly  under  one  of  the  end  plates  (see  Figure  k).  With  the  tunnel 
started,  and  the  room  darkened,  the  bulb  is  flashed,  permitting  the 
escaped  light  to  pass  through  the  flow  field  and  expose  a  sheet  of 
film  fastened  to  the  tunnel  ceiling. 

Figure  k  shows  three  of  this  type  of  shadowgraphs.  In  most  of 
these  pictures  the  nonuniformity  of  the  light  source  creates  negatives 
of  poor  quality  which  are  impossible  to  use  for  multiple  reproduction. 
Therefore  the  flow  configurations  which  are  important,  for  this  report 
are  either  described  in  the  text  or  sketched  as  shown  in  Figure  5. 

D.  Test  Procedure 

From  the  blocking  area  curve  established  for  the  Aberdeen  tunnels 
(ref.  2)  it  had  been  expected  that  the  l/2-inch  diamter  cylinder 
could  be  tested  at  Mach  numbers  as  low  as  1.2  .  However,  at  the  start 
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of  testing  it  was  found  that  M  =  1,4  was  the  lowest  supersonic  Mach 
number  possible  without  blocking  the  tunnel.  Since  this  is  at  the 
extreme  end  of  the  data  in  figure  1  it  was  decided  to  obtain  data  at 
subsonic  Mach  numbers  (M  =  .6  and  M  =  .8)  as  well.  It  was  hoped  that 
interpolation  in  the  transonic  region  would  then  be  possible. 

At  each  Mach  number  the  Magnus  and  drag  data  were  obtained  at 
four  pressure  levels  or  a  Reynolds  number  range  from  60,000  to  250,000. 
The  data  were  automatically  recorded  on  Moseley  x-y  plotters  versus 
the  spin  rate  (Figure  6)  during  the  coating  period  of  the  model-motor 
combination.  Recording  of  data  during  the  air  on  (accelerating)  period 
was  not  possible  due  to  the  air  turbine  forces  exerted  on  the  system 
and  the  possible  air  leakage  through  the  door-mounted  end  plate.  To 
prevent  leakage  of  air  from  or  to  the  room  through  the  end  plate  during 
the  data  recording  a  flat  disk  was  placed  over  the  end  of  the  motor 
during  the  data  gathering  period.  Data  were  first  obtained  on  the 
smooth  cylinder  at  all  of  the  Mach  numbers  and  then  data  were  obtained 
on  the  roughened  cylinder  by  gluing  No.  40  emery  dust  to  the  surface.  • 

The  Magnus  data  obtained  on  the  Moseleys  is  very  erratic  (Figure  6). 
This  is  due  to  small  extraneou.-,  forces  exerted  on  the  highly  sensitive 
strain  beam  by  the  turbulence  in  the  tunnel  flow.  The  turbulence  level 
in  the  tunnel  supply  header  is  below  l/2^  and  is  not  usually  noticeable 
during  a  test.  In  this  case,  due  to  the  small  Magnus  force  involved, 
the  turbulence  reduces  the  accuracy  of  the  Magnus  data  considerably. 
Examination  of  the  data  indicates  that  the  data  are  accurate  to  within 
+50^  for  the  supersonic  data  and  within  +10^  for  the  subsonic  data. 

The  subsonic  data  are  more  accurate  due  to  the  Increased  magnitude. 
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RESULTS  AND  DISCUSSION 


The  Magnus  force  generated  on  the  smooth  surfaced  cylinder  is 
linear  with  spin  within  the  accuracy  of  the  data  and  is  not  influenced 
hy  Reynolds  number  in  the  range  covered  (the  two  data  points  in  Figure  7 
at  each  Mach  number  represent  the  data  spread  over  the  Re  range).  The 
force' decreases  rapidly  as  the  Mach  number  increases  (Figure  7),  and 
•reaches'  a  constant  minimum  value  as  soon  as  or  shortly  after  the  cross 
Mach  number  becomes  supersonic.  The  shadowgraphs  (Figures  8a  and  8b) 
show  that  spin  has  no  noticeable  influence  on  the  wake  as  long  as  the 
flow  is  .supersonic,  but  has  a  slight  influence  on  the  flow  regions 
surrounding  the  cylinder  at  subsonic  speeds.  At  higher  peripheral 
speeds,  <;hich  are  not  attainable  with  this  model,  the  shadowgraphs 
should'. show. a  much  more  noticeable  effect  at  the  subsonic  speeds. 

•The  wake  just  downstream  of  the  cylinder,  both  with  and  without  spin, 
.has  very. 'sharply  defined  limits  suggesting  that  the  cylinder  boundary 
layer  is. laminar.  .Further  evidence  of  a  laminar  boundary  layer  is 
seen  in  the  drag  data  where  the  drag  agrees  well  with  the  drag  data  . 
from  reference  5  (Figure  9).  It  should  also  be  noted  that  throughout 
the  tests  the  drag  did  not  vary  with  spin. 

In  Figure  10  the  Magnus  data  from  the  cylinder  are  compared  with 
the  data  (Figure  l)  obtained  from  various  bodies  of  revolution  at 
various  cross  flow  Mach  numbers.  It  is  seen  that  the  data  are  of  the 
same  order  of  magnitude  from  M=.8toM=1.4.  This  is  the  region 
in  which  we  expected  agreement  if  the  cross  flow  theory  stated  in  the 
introduction  is  true.  It  is  also  expected  that  if  data  at  higher 
cross  flow  Mach  numbers  had  been  available  it  would  agree  with  the 
higher  Mach  number  cylinder  data. 

Results  on  the  rough  surfaced  cylinder  are  quite  surprising  and 
not  fully  understood.  The  Magnus  data  are  similar  to  those  for 
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are 


the  smooth  surfaced  cylinder  except  that  the  Magnus  force  is  negative* 
at  the  supersonic  velocities  (Figure  ?)•  The  Magnus  data  are  linear 
with  spin  and  do  not  vary  over  the  Reynolds  number  rajige  covered.  The 
negative  Magnus  force  absolute  values  are  approximately  the  same  as 
the  si^oth  surfaced  cylinder  values  and  at  subsonic  speeds  both  surface 
cases  have  positive  Magnus  forces  of  equal  value.  The  shadowgraphs  • 
again  show  that  spin  does  not  influence  the  flow  pattern  (Figures  n« 
and  lib),  except  at  subsonic  speeds.  The  wake,  is  not  as  clearly  • 
defined  as  with  the  smooth  surfaced  cylinder  and  the  wake  is  wider  at 
.  .its  narrowest  point.  Further  evidence  of  a  turbulent  boundary  layer 
is"  that  the  turbulent-  drag  at  subsonic  speeds  is  less  than  the  l  ATninny 
'  drag  (Figure  9)*  -V  .  '  .•  .  •  •  ' 

Reference  4  presents  Magnus  data  on.  a  3- inch  dimeter  smooth 
surfaced  cylinder,  obtained  in  the  Naval  Ordnance  Laboratory  .Tunnel 
No.  These  data  cover  the 'Mach  number’ range’ from- 1.75  .to  5*24  and 
a.  Reynolds,  number  range  from.  .55  x  10^,  to  I.06  x  10^.-  These  data  are 
•compared. with  the  BRL  data  in- Figures  7  and  9  and  excellent  agreement 
is : obtained  for  both  Magnus  force  and  drag  force.  .It  shows  that  the 
Magnus .force  coefficient  is  constant,  in  the  supersonic  region,  over 
a  larger' Reynolds  number  . range  than  shown  separately  by. the’ two  sets 
of  data.  .The  NOL  data  at  M  =  1.75  have  not  been  shown  for  it 
recently  been  determined  by  the  Navy  that  the  flow  over  the  model  at 
M  =  1.75  is  questionable. 


•A  negative  Magnus  force  acts  in  the  opposite  direction 
from  that  predicted  by  the  potential  theory  for  -the  lift 
(Magnus  force)  on  a  rotating  cylinder.  In  Figure  8  the 
positive  Magnus  force  direction  is  down. 
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CONCLUSIONS 


1.  Correlation  does  exist  between  the  Magnus  force  on  a  body 
of  revolution  in  transonic  or  supersonic  cross  flows  and  the  Magnus 

force  on  a  rotating  cylinder  whose  centerline  is  perpendicular  to  ’ 
the  alrstream. 

,2.  The  body  axial  flow,  M  cos  a,  has  little  or  no  influence 
on.  the  Magnus  force. 

5.  Hie  Magnus  force  on  the  smooth  surfaced  cylinder  (laminar 
boundary  layer)  is  positive  at  all  Mach  numbers  tested.  The  Magnus 
force  on-  the  rough  surfaced  cylinder  (turbulent  boundary  layer)  is 

positive  at  subsonic  velocities,  bv  negative  at  supersonic  veloci- 
■ties. ' 

4.  The  drag  is  not  influenced  by  spin  within  the  accuracy  of 
measurement, 

5.  ■  It  la  possible  to  predict  the  Magnus  force  on  any  body  of 
revolution  in  transonic  cross  flows  by  using  the  presented  rotating 
cylinder' data. 


ANDERS  S,  PLATOU 


18 


REFERENCES 


1.  Platou,  A.  S.  and  Sternberg,  J.  The  Magnus  Characteristics  of 
a  50-inm  Aircraft  Bullet.  BRL  Report  No.  99^$  1956. 

2.  Bluestone,  E.  Flexible  Nozzle  Tunnel  No.  3  -  Model  Design 
Criteria  and  Tunnel  Operating  Conditions.  BRL  Memorandum  Report 
No.  yn,  1953. 

3.  Gowen,  Forrest  E.  and  Perkins,  Edward  W.  Drag  of  Circular  Cylinders 
for  a  Wide  Range  of  Reynolds  Numbers  and  Mach  Numbers.  NACA  TN  No. 

■2960. 

4.  Hall,  R.  T.  The  Lift  and  Drag  on  a  Rotating  Cylinder  in  Supersonic 
•  Crossflow.  NAVORD  Report  No.  6039 >  I960.- 


21 


FIG.  2  The  Cylinder  Mounted  in  the  Test  Section 
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THE  FLOW  OVER  THE  SMOOTH  SURFACED  CYLINDER 


FIG. 8b 
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THE  EFFECT  OF  MACH  NUMBER  ON  CIRCULAR- CYLINDER  DRAG  COEFFICIENTS 
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THE  FLOW  OVER  THE  ROUGH  SURFACED  CYLINDER 


FIG. Mb 
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